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Optimal plant growth is hampered by deficiency of the essential macronutrient phosphate in 23 
most soils. Plant roots can however increase their root hair density to efficiently forage the soil 24 
for this immobile nutrient. By generating and exploiting a high-resolution single-cell gene 25 
expression atlas of Arabidopsis roots, we show an enrichment of TARGET OF MONOPTEROS 26 
5 / LONESOME HIGHWAY (TMO5/LHW) target gene responses in root hair cells. The 27 
TMO5/LHW heterodimer triggers biosynthesis of mobile cytokinin in vascular cells and 28 
increases root hair density during low phosphate conditions by modifying both the length and 29 
cell fate of epidermal cells. Moreover, root hair responses in phosphate deprived conditions are 30 
TMO5 and cytokinin dependent. In conclusion, cytokinin signaling links root hair responses in 31 
the epidermis to perception of phosphate depletion in vascular cells.  32 
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Main Text:  33 
Vascular cell proliferation in plant roots is, in part, controlled by the heterodimer complex 34 
formed by TARGET OF MONOPTEROS 5 and LONESOME HIGHWAY (TMO5/LHW) (1-7). 35 
This complex is required and sufficient to control cell proliferation by inducing expression of the 36 
direct downstream target LONELY GUY4 (LOG4) and its close homolog LOG3 (1, 6), which 37 
encode rate-limiting enzymes in the final conversion step of the phytohormone cytokinin into its 38 
bio-active form (8, 9). The TMO5/LHW complex is limited to xylem cells, which produce 39 
cytokinin but are themselves insensitive to cytokinin. The xylem-produced cytokinin diffuses to 40 
neighboring procambium cells, where it promotes cell proliferation via induction of DOF-type 41 
transcription factors (10, 11). As the TMO5/LHW pathway induces production of cytokinin as 42 
mobile intermediate that functions in neighboring cells, the target genes (11) in this hormone 43 
signaling cascade are likely to be expressed in various cell types surrounding the xylem and 44 
perhaps even outside of the vascular bundle. Here we used single cell RNA-sequencing to probe 45 
the tissue specific TMO5/LHW signaling output in Arabidopsis root meristems and found that 46 
this vascular heterodimer complex is required for the root hair responses to phosphate deficit 47 
conditions. We show how cytokinin signaling links vascular perception of limiting phosphate to 48 
epidermal responses allowing plants to efficiently forage the soil for this immobile 49 
macronutrient. 50 
Single cell RNA-sequencing analysis 51 
We generated a high-resolution single cell RNA-sequencing (scRNA-seq) atlas of the wild type 52 
Arabidopsis root tip (12-16), making use of the 10X Genomics Chromium technology (Fig. 53 
S1A). Following protoplast isolation, sorted cells were collected and processed for single cell 54 
transcriptomics (see Supplementary Materials for details). In summary, a total population of 55 
15,918 cells were recovered across three replicates and next filtered to retain 5,145 high quality 56 
cells with unique molecular identifier (UMI) counts > 17,290 (Fig. S1B). Taking into account 57 
only these high quality cells, a total of 21,492 genes were detected in our root meristem dataset, 58 
covering nearly 80% of the genome, with a median expression of 6,781 genes per cell and a 59 
mean of 208,937 reads per cell (Fig. 1A). Unsupervised clustering and t-distributed stochastic 60 
neighbor-embedding (tSNE) projections were performed on the 5,145 high quality single cells, 61 
recovering distinct clusters of cells (Fig. 1A).  62 
Following quality control (see Supplementary Materials and Fig. S1C-E), cell type annotation 63 
and cluster identification were performed by mapping the top 20 differentially expressed genes 64 
(DEG) for each cluster (compared to the rest of the dataset) on a publicly available bulk RNA-65 
seq dataset (17) of the Arabidopsis root. This resulted in an annotated dataset representing all 66 
major cell types in the root, including quiescent center cells (Fig. 1A, S1F). The annotations 67 
were confirmed for all cell identities by the observed expression of key signature marker genes 68 
and in vivo expression of 41 newly generated promoter reporter lines (Fig. 1B, S2-12 and Table 69 
S1). Moreover, cells undergoing division are found in two specific sub-clusters (Fig. 1), 70 
indicating that their transcriptomes are more similar to each other than the actual cell identity 71 
determinants of the transcriptome. In summary, the scRNA-seq dataset contains clusters of all 72 
cell types of the root meristem which were identified according to predicted in vivo expression 73 
patterns and were validated using a set of newly generated reporter lines.  74 
  75 
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Trajectory analysis establishes a blueprint of cell lineages 76 
We next used trajectory analyses to refine identification of cell types and developmental 77 
transitions within each cell identity cluster. We first analyzed xylem (251 cells; 5%; Fig. S3A) 78 
and phloem (388 cells; 8%; Fig. S4A) cell lineages, as these undergo identity changes 79 
throughout development. Xylem initial cell lineages branch into proto- and metaxylem identities, 80 
which differ in their subsequent differentiation processes including secondary cell wall 81 
generation (18). Phloem cell initials undergo several oriented divisions, generating lineages that 82 
branch to generate phloem procambium, sieve elements and companion cells (19, 20). The 83 
complexity of both these cell types was captured in the inferred trajectories and gene expression 84 
patterns of the reporter lines validated inferred developmental trajectories and sub-cluster 85 
identities (Fig. S3 and S4; see Supplementary Materials for details). Similar analyses validated 86 
trajectories for the procambium, pericycle, endodermis, cortex, epidermis, lateral root cap and 87 
columella clusters (Fig. 1A and S5-S11). 88 
As many root cell types in Arabidopsis increase in ploidy with development (21), the 89 
developmental trajectories for these cell types should correspond to trajectories of increasing 90 
cellular endoreplication levels. Thus, to further validate our trajectories, we predicted the 91 
endoreplication state of each cell based on the expression of a validated set of endoreplication 92 
markers (21) (see Supplementary Materials for details) and superimposed the predicted cell 93 
ploidy on the tSNE plot (Fig. 1C). Developmental trajectories of cortex, endodermis, pericycle, 94 
epidermis/atrichoblast, lateral root cap and xylem clusters exhibit clear ploidy transitions (Fig. 95 
1C); validating these trajectories and their orientation. For the procambium cell cluster, 96 
correspondence between developmental trajectories and ploidy was less evident. For the phloem 97 
cell lineage, which undergoes continuous divisions as it passes through the meristem, no 98 
correlation was found. Cells in the quiescent center and hair cell (trichoblast) clusters mostly 99 
contained 2C and 16C cells, respectively (Fig. 1C).  100 
In conclusion, both newly generated reporter lines and ploidy analysis confirm the inferred 101 
developmental trajectories of all main cell identities. Our results thus allow the identification of 102 
distinct sub-clusters linked to the developmental stage of each cell identity; establishing a 103 
developmental blueprint for all root cell lineages, including progenitor populations for several 104 
cell identities.  105 
TMO5/LHW targets are enriched in root hair cells 106 
We next intersected our scRNA-seq root dataset with the set of 273 genes identified via bulk 107 
transcriptome analysis to be induced upon TMO5/LHW induction (11). About 80 target genes 108 
(29%) were predicted to be expressed in root hair (trichoblast) cells, of which 47 (17%) were 109 
expressed only in trichoblast cells (Fig. 2A and S13). Such expression patterns were not 110 
expected in relation to literature on TMO5/LHW function in vascular proliferation (1, 2, 5, 6) 111 
and the overlapping expression domain in the young xylem cells (2). We confirmed the induction 112 
and expression pattern of a subset of these genes by Q-RT-PCR and promoter-GFP fusions 113 
respectively (Fig. 2B and S14A). The trichoblast specific expression patterns of these target 114 
genes thus suggests a putative role for TMO5/LHW in the regulation of root hair development or 115 
patterning. Although homozygous tmo5 single and tmo5 tmo5-like1 double mutants showed 116 
normal root hair densities under standard growth conditions (high phosphate, HP), misexpression 117 
of TMO5 and LHW in all cells of the root meristem (pRPS5A::TMO5-GR x pRPS5A::LHW-GR 118 
or dGR) resulted in a strong increase in root hair density (Fig. 2C-D); while misexpression of 119 
Submitted Manuscript: Confidential 
5 
 
unrelated bHLH factors did not result in this root hair density increase (Fig. S15). A strong 120 
increase in root hair density can also be observed in wild type roots grown on phosphate limiting 121 
conditions (Fig. 2C-D and Table S2; see Fig. S16 and Supplementary Materials for a detailed 122 
description of 3D root hair quantifications) (22-24). Auxin biosynthesis, transport and signaling 123 
are all required for this root hair response to phosphate limiting conditions (22): auxin signaling 124 
is induced upon low phosphate conditions in the columella/lateral root cap region and in xylem 125 
cells, where the TMO5/LHW dimer is active (2, 4). Auxin-dependent TMO5 function is required 126 
for the root hair response to low phosphate, as tmo5 tmo5-like1 double mutants were less 127 
sensitive to these limiting conditions (Fig. 2C-D and Table S2). Phosphate starvation genes (25) 128 
were however still induced in this mutant background (Fig. S14B), suggesting that perception 129 
was unaffected. Moreover, induction of several root hair specific TMO5/LHW target genes was 130 
tmo5 tmo5-like1 dependent (Fig. S14C). The TMO5 homologs seem redundantly required for 131 
this response, as we found no significant difference in root hair density between wild type and 132 
the tmo5 single mutant on low phosphate (Fig. 2C-D) (26). Taken together, these results show 133 
that the increase in root hair density upon low phosphate conditions specifically requires TMO5 134 
activity. Because low phosphate conditions have also been associated with changes in root hair 135 
length (27), we quantified this parameter in our mutant lines and treatments and found similar 136 
responses (Fig. S14D; see Fig. S16 and Supplementary Materials for details on quantification). 137 
Thus, activity of the TMO5/LHW complex is required for the complete root hair response to low 138 
phosphate conditions. 139 
To understand the cellular basis of the root hair density increase in response to low phosphate 140 
conditions, we quantified several parameters that could contribute to this effect (including root 141 
length, meristem length and epidermal cell length; Fig. 2E, S14E-F and S16) in wild type and 142 
tmo5 tmo5-like1 roots. Although the tmo5 tmo5-like1 mutant showed reduced root and meristem 143 
length in control conditions compared to wild type, this did not result in altered root hair 144 
densities (Fig. 2D and S14E-F). This suggests that root and meristem length are not directly 145 
contributing to changes in root hair density. Fitting with the observed changes in root hair 146 
density, epidermal cell length was not different in wild type and tmo5 tmo5-like1 under control 147 
conditions, was decreased in low phosphate conditions in wild type, and significantly less 148 
decreased in the tmo5 tmo5-like1 double mutant (Fig. 2E). Similar results were obtained upon 149 
dGR induction (Fig. 2E). These results suggest that a reduction of epidermal cell length in the 150 
root hair zone drives the low phosphate response leading to an increase in root hair density. 151 
TMO5/LHW dependent cytokinin controls root hair responses to low phosphate 152 
To understand how TMO5/LHW in the xylem might be involved in the low phosphate response 153 
of root hairs in the epidermis, we analyzed expression of the transcriptional pTMO5::n3GFP 154 
reporter line (28). TMO5 expression increased in response to low phosphate conditions (29) (Fig. 155 
3A, B), consistent with the reported increase in auxin signaling under these limiting conditions 156 
(22) and the auxin-inducibility of TMO5 (2). No ectopic expression of TMO5 was observed in 157 
the trichoblast cells (Fig. 3A). Furthermore, increasing TMO5 levels only in the xylem axis or in 158 
the vascular bundle (using pTMO5::TMO5:GR (1) or using newly generated pSHR::TMO5:GR 159 
and pWOL::XVE>>TMO5 lines), was sufficient to increase root hair density (Fig. 3C-E and 160 
S17A-C). This suggests that the effect of TMO5 on the low phosphate induced root hair density 161 
increase is cell non-autonomous. 162 
The TMO5/LHW complex binds the LOG4 promoter, thus promoting cytokinin biosynthesis. 163 
Cytokinin can then diffuse to neighboring cells where its perception induces cell proliferation (1, 164 
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6). To investigate if low phosphate conditions might lead to an increased induction of the 165 
cytokinin signaling pathway in epidermal cells, we analyzed the pTCSn::ntdTomato cytokinin-166 
signaling reporter (11, 30). In low phosphate conditions, the TCSn reporter was induced in the 167 
epidermal cells of the root meristem (Fig. 4A). Additionally, A-type ARRs (including ARR4, 5, 168 
6, 8, 9, 12 and 15), that our scRNA-seq dataset showed to be expressed in trichoblast cells, were 169 
upregulated upon TMO5/LHW induction (11) (Fig. S13 and S14A). Additionally, expression of 170 
three trichoblast-restricted TMO5/LHW target genes was found to be induced by exogenous 171 
cytokinin treatment (Fig. S18A), fitting with published data (31). These results suggest an 172 
increased induction of the cytokinin signaling pathway in the epidermis under low phosphate 173 
conditions and fit with the published effect of cytokinin on cell length (32). To show that 174 
increased cytokinin levels and/or signaling might lead to an increase in root hair density due to a 175 
reduction in epidermal cell lengths, we next treated wild type roots with 0.1µM 6-176 
benzylaminopurine, a synthetic cytokinin. Indeed, treatment with cytokinin in high phosphate 177 
conditions mimicked the root hair density promoting effect of low phosphate conditions (Fig. 178 
4B) and a reduction in epidermal cell length (Fig. S18B). Additionally, cytokinin was sufficient 179 
to rescue the root hair density and epidermal cell length effects to low phosphate-like responses 180 
in the tmo5 tmo5-like1 double mutant (Fig. 4B and S18B). To investigate the possible role of 181 
ethylene in this response (33), we next analyzed the responses of the ein3 eil1 double mutant in 182 
downstream ethylene signaling on low phosphate medium and upon cytokinin treatment and 183 
found no difference compared to wild type plants (Fig. S19A), fitting with published reports that 184 
cytokinin effects on root hair length are not dependent on ethylene signaling (34) and the fact 185 
that ethylene response markers (33) were not uniformly altered upon TMO5/LHW induction 186 
(Fig. S19B). Given that the upstream ein2 receptor single mutant does show some resistance to 187 
cytokinin but not low phosphate treatment (Fig. S19A), we cannot rule out involvement of 188 
complex cytokinin-ethylene hormonal cross-talk during this developmental process. 189 
To provide additional genetic support for the hypothesis that cytokinin signaling in trichoblast 190 
cells drives the root hair response to low phosphate conditions in a TMO5-dependent manner, we 191 
first reduced cytokinin levels by analyzing the log347 triple biosynthesis mutant (8) or by 192 
increasing levels of the CKX3 cytokinin conjugating enzyme (35) by analyzing a newly 193 
generated pRPS5A::CKX3 transgenic line. Both genetic tools to reduce cytokinin levels resulted 194 
in an inhibition of the low phosphate response (Fig. 4C and S18C). To strengthen that vascular-195 
derived cytokinin is responsible for the root hair response to low phosphate conditions, we 196 
generated a vascular specific estradiol inducible LOG4 transgenic line (pWOL::XVE>>LOG4). 197 
Upon induction of the cytokinin biosynthetic gene LOG4 only in the vascular domain, an 198 
increase in root hair density was observed (Fig. 4D). Additionally, we complemented the log 199 
1234578 heptuple mutant (9),which has very low levels of active cytokinin, with LOG4 200 
expressed only in the TMO5 domain (1). In phosphate limiting conditions, pTMO5::LOG4 201 
expression was sufficient to restore a wild type-like response (Fig. S20). Taken together, these 202 
experiments show that vascular-derived cytokinin is capable of triggering responses in the 203 
trichoblast cells. Thus, vascular-derived cytokinin can drive the root hair response to low 204 
phosphate conditions in a TMO5-dependent manner. 205 
Previously, prolonged low phosphate conditions were shown to increase the number of cortex 206 
cell files and modify epidermal cell fates (36). To understand if these parameters might 207 
contribute to our observed increase in root hair density, we first analyzed the number of cells in 208 
radial sections of cortex and epidermal cell files as these determine the number of root hairs (36). 209 
Although prolonged growth in phosphate deprived conditions leads to an increase in the number 210 
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of cortex cells (36) (Fig. S21), this was not observed after 10 days, a time point used in all our 211 
experiments (Table S2); suggesting that the effects observed in our experiments are not due to 212 
additional cortex cells. We next examined the possible change in cell fate by examination of 213 
epidermal cell identity using markers for hair (pCOBL9::GFP) (37) and non-hair (pGL2::GFP) 214 
(38) cell files. Epidermal cell identities were mixed upon cytokinin treatment, similar to the 215 
effect of low phosphate conditions (Fig. 5A-C) (36). This cytokinin-dependent effect most likely 216 
feeds into the known pathways determining epidermal cell identity, as cytokinin treatment was 217 
not able to induce hair formation in the cpc try double mutant (Fig. S22) (39). Moreover, 218 
significantly more root hairs were formed in non-hair positions upon dGR induction, exogenous 219 
cytokinin treatment and low phosphate conditions (Fig. 5D). This low phosphate effect was 220 
absent in the tmo5 tmo5-like1 mutant and in plants with reduced cytokinin signaling levels (Fig. 221 
5D, E). These results suggest that alterations in the epidermal cell identity contribute to the 222 
observed increase in root hair density upon low phosphate conditions. 223 
Outlook 224 
Here we showed that the vascular bHLH heterodimer TMO5/LHW controls root hair density by 225 
modifying epidermal cell length and cell fates. Phosphate deficit may trigger increased auxin 226 
signaling in xylem cells, inducing the TMO5/LHW pathway and downstream local cytokinin 227 
biosynthesis. Cytokinin may then diffuse outwards to direct length and fates of outer trichoblast 228 
cells. As such, this hormone signaling cascade spans multiple tissue layers in the meristem to 229 
regulate roots foraging for phosphate.  230 
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Figure Legends: 253 
 254 
Figure 1: Identification of Arabidopsis root meristem cell types using scRNA-seq 255 
A. Color-coded tSNE plot showing the classification of 5,145 high quality (UMI count > 17,290) 256 
cells into distinct cell identities corresponding to the schematic representation of the root 257 
meristem on the left. Grey dots represent predicted doublet cells. All inferred and validated 258 
developmental trajectories are projected onto the tSNE plot as black lines. Cells within dotted 259 
line are initials. QC: quiescent center, ppc: phloem procambium, se: sieve element, cc: 260 
companion cell, px: protoxylem, mx: metaxylem. B. Dot plot showing the expression of known 261 
tissue specific reporter genes in the scRNA-seq dataset, validating the annotation of tissue 262 
specific clusters. Size of the circles represents the percentage of cells with expression (pct.exp.), 263 
while the color indicates the scaled average expression (avg exp. scale). Dotted boxes represent 264 
major tissue types and cellular stages present in the root. C. Projection of predicted ploidy levels 265 
of each cell onto the tSNE plot. 266 
 267 
Figure 2: TMO5 activity is required for root hair responses to low phosphate conditions 268 
A. Number of TMO5/LHW target genes expressed in each of the tissue types of the Arabidopsis 269 
root meristem. Note the high number of trichoblast expressed genes. B. Predicted (left) and 270 
validated (right) expression of root hair specific target genes in the root hair. Arrowheads 271 
indicate nuclear expression. C. Root hair phenotype of dGR (induced or non-induced with dex) 272 
and wild type, tmo5 single mutant and tmo5 tmo5like1 double mutants grown on control 273 
conditions (high phosphate) or phosphate limiting conditions (low phosphate). D-E. 274 
Quantification of the root hair density (D) and epidermal cell length (E) of the lines depicted in 275 
C. Lower case letters on top of boxplots indicate significantly different groups as determined by 276 
one-way ANOVA with post-hoc Tukey HSD testing (p<0.001); the number of individuals is 277 
shown at the bottom of the plot and biological repeats are indicated using different symbols. 278 
 279 
Figure 3: Vascular TMO5/LHW expression increases root hair density 280 
A-B. Expression (A) and quantification (B) of the pTMO5::n3GFP reporter line in the root 281 
meristem under high (HP) and low (LP) phosphate conditions by confocal microscopy. C-E. 282 
Root hair phenotype and quantification of wild type, pTMO5::TMO5:GR, pSHR::TMO5:GR and 283 
pWOL::XVE>>TMO5:YFP roots grown on high phosphate conditions or induced by 284 
dexamethasone or estradiol (see Fig 2 for wild type control). Lower case letters on top of 285 
boxplots indicate significantly different groups as determined by one-way ANOVA with post-286 
hoc Tukey HSD testing (p<0.001 in C and E, p<0.01 in D); the number of individuals is shown 287 
at the bottom of the plot and biological repeats are indicated using different symbols. 288 
 289 
Figure 4: TMO5/LHW dependent cytokinin triggers root hair responses 290 
A. Expression and quantification of pTCSn::ntdTomato in the root meristem under high (HP) 291 
and low (LP) phosphate conditions by confocal microscopy. Asterisks indicates epidermal cell 292 
layer. B. Root hair phenotype and quantification of wild type and tmo5 tmo5like1 roots grown on 293 
high phosphate conditions or induced by cytokinin (BAP). C. Root hair phenotype and 294 
quantification of wild type and log347 and pRPS5A::CKX3 roots grown on high or low 295 
phosphate conditions. D. Root hair phenotype and quantification of pWOL::XVE>>LOG4:YFP 296 
roots grown high phosphate conditions or induced by estradiol (see Fig 3 for wild type control). 297 
Lower case letters on top of boxplots indicate significantly different groups as determined by 298 
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one-way ANOVA with post-hoc Tukey HSD testing (p<0.001); the number of individuals is 299 
shown at the bottom of the plot and biological repeats are indicated using different symbols. 300 
 301 
Figure 5: Cytokinin scrambles epidermal cell identities 302 
A. Expression of pCOBL9::GFP and pGL2::GFP in roots grown in high phosphate (HP), 303 
cytokinin (BAP), or low phosphate (LP). B-C. Quantification of number of cells per mm of root 304 
in non-hair (NH) or hair (H) positions with GFP expression. D-E. Quantification of the number 305 
of cells in non-hair position that form root hairs, along one mm of root from dGR, wild type, 306 
tmo5, tmo5 tmo5l1, log347 or pRPS5A::CKX3 grown under indicated conditions. Lower case 307 
letters on top of the boxplots indicate significantly different groups as determined by one-way 308 
ANOVA with post-hoc Tukey HSD testing (p<0.001); the number of individuals is shown at the 309 
bottom of the plot and biological repeats are indicated using different symbols.  310 
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Materials and Methods 
 
Plant material and growth conditions 
All seeds were surface sterilized, sown on solid ½ MS plates without sucrose, and stratified at 
4°C two days before they were grown at 22°C in continuous light conditions. Ten-day old 
seedlings were transferred to soil and grown in green house conditions. For phosphate 
limiting experiments, plants were grown for 10 days on plates containing ½ modified MS 
salts (M407 – Phyto Technology Laboratories), 0.55 mM myo-inositol, 20.6 mM NH4NO3, 
18.8 mM KNO3, 0.8% washed agar and 1.25 mM or 100 µM KH2PO4 (for “high phosphate; 
HP” or “low phosphate; LP”, respectively). Dexamethasone (dex) treatment was performed 
by either germinating seeds on 10 µM dex-supplemented medium or by transferring plants 
from ½ MS to 10 µM dex supplemented medium and continuing growth for the indicated 
time. 6-Benzylaminopurine (BAP) and beta-estradiol (est) treatments were performed by 
germination on plates supplemented with 0.1 µM BAP or 10 µM est, respectively. BAP, dex 
and est were dissolved in dimethyl sulfoxide as solvent (DMSO, 10 mM stock solutions 
each). Addition of DMSO to the medium was found to have an effect on root hair length, 
largely canceling out the effect of limiting phosphate conditions on hair length. This effect 
was limited to hair length, as a large phosphate-dependent effect could still be observed at the 
level of root hair density (Fig. S23). Media containing no additives is referred to as “mock”. 
The Arabidopsis thaliana (L.) Heynh. Col-0 ecotype served as wild-type control in all 
experiments, unless otherwise stated. Plant lines used in this study: pRPS5A::TMO5:GR-
pRPS5A::LHW:GR or dGR (11), pTMO5::n3GFP (28), pTCSn::ntdTomato (11), tmo5 (2), 
tmo5 tmo5l1 (2), log3 log4 log7 (8), log 1234578 heptuple mutant (9), pTMO5::LOG4 in log 
1234578 heptuple mutant (1), pCOBL9::GFP (37), pGL2::GFP (38), pWOL::erGFP (40), ein2 
(41), ein3 eil1 (42), pGL2::GUS in Ws ecotype (39), pGL2::GUS in cpc try double mutant 
(39), p35S::IBH1 (43), p35S::IBL1 (43), p35S::MYC2 (44), TRANSPLANTA lines: 
TPT_1.01260.2C, TPT_4.09180.1C, TPT_1.01260.2I, TPT_1.05805.1C, TPT_1.05805.1E, 
TPT_1.05805.1H, TPT_1.62975.1A, TPT_1.62975.1B, TPT_1.62975.1D, TPT_1.62975.1F, 
TPT_1.62975.1H,  TPT_1.62975.1I, TPT_1.68920.2A, TPT_1.68920.2F, TPT_2.18300.1B, 
TPT_2.18300.1C, TPT_2.18300.1I, TPT_2.22750.2G, TPT_4.09180.1B, TPT_1.01260.2G 
(45). 
 
Protoplasting conditions and FACS  
Protoplasting was performed as described previously (46) with minor modifications. Briefly, 
root tips of 6-d-old seedlings were cut and incubated in protoplasting Solution B [1.5% 
(wt/vol) cellulysin and 0.1% (wt/vol) pectolyase in Solution A (600 mM mannitol, 2 mM 
MgCl2, 0.1% [wt/vol] BSA, 2 mM CaCl2, 2 mM MES, 10mM KCl, pH 5.5)] for 
approximately 1 h at room temperature. Conditions were optimized to ensure the inner 
vascular cell types were dissociated well (even if this was to some extent at the expense of 
the outer cell files) by microscopic analysis of the protoplasting at regular intervals. Cells 
were filtered through a 70 µm cell strainer and spun down at 200 × g for 6 min; resuspended 
in Solution A, filtered through a 40 µm cell strainer and stained for live/dead using 4′,6-
diamidino-2-phenylindole (DAPI) at 14 µM final concentration. Cells were sorted on a BD 
Aria II, and protoplasts not containing the DAPI signal were selected for further analysis.  
 
10X Genomics sample preparation, library construction and sequencing 
Sorted cells were centrifuged at 4°C at 400g and resuspended in PBS+0,04%BSA to yield an 
estimated concentration of 1000 cells/µl, before being subdivided to generate three replicates 
that have gone through the rest of the pipeline as independent samples. Cellular suspensions 





Genomics) according to the manufacturer’s instructions. Sequencing libraries were loaded on 
an Illumina HiSeq4000 and sequenced following recommendations of 10X Genomics at the 
VIB Nucleomics Core (VIB, Leuven). 
 
Raw data processing and generation of gene expression matrix 
Demultiplexing of the raw sequencing data was done by the 10x CellRanger (version 2.0.2) 
software ‘cellranger mkfastq’ which wraps Illumina's bcl2fastq. The fastq files obtained after 
demultiplexing were used as the input for ‘cellranger count’ which align the reads to the 
Arabidopsis thaliana reference genome (Ensemble TAIR10.40) using STAR and collapses 
them to unique molecular identifier (UMI) counts. The result is a large digital expression 
matrix with cell barcodes as rows and gene identities as columns. The aggregation of the 
replicate samples was done using ‘cellranger aggr’. Initial filtering in CellRanger (gene 
count > 200), recovered 15,918 cells. To ensure we only use high-quality cells for further 
analysis, we used the filtered data provided by cellranger. This corresponds to a 
minimum UMI count of 17,290 in the aggregated data, recovering a final 5,145 cells. 
 
Data Analysis (Clustering, Identity Assignment, DEG, and Quality Control) 
All analyses were performed in R (version 3.5.2). Pre-processing of the data was done by the 
scran (version 1.10.1) and scater (version 1.10.1) packages according to the workflow 
proposed by the Marioni lab (47). Outlier cells were identified based on 2 metrics (library 
size and number of expressed genes) and were tagged as outliers when they were 3 median 
absolute deviation (MADs) away from the median value of these metrics across all cells. 
Low-abundance genes were removed using the ‘calcAverage’ function and the proposed 
workflow by Satija and colleagues (48). The raw counts were normalized and log2 
transformed by first calculating “size factors” that represent the extent to which counts should 
be scaled in each library. Detecting highly variable genes, finding clusters and creating tSNE 
plots was done using the Seurat pipeline (version 2.3.4). Differential expression analysis for 
marker gene identification per subpopulation was based on the non-parametric Wilcoxon rank 
sum test implemented within the Seurat pipeline. Clusters with the same cell annotation 
based on gene expression analysis were combined to generate a more comprehensible dataset. 
The relative contribution of each replicate sample to the entire dataset and each individual 
cluster ranged between 28% and 38%, indicating reproducibility and limited batch effects 
(Fig. S1C). Potential doublets were identified using the DoubletFinder algorithm (version 
2.0.0) (49). The number of high confidence doublets (indicated in grey on the tSNE plot in 
Fig 1A) was below 1% (50 out of 5,145 cells). To assess whether a capturing bias of 
meristem cells was introduced during protoplast isolation, Arabidopsis root meristems were 
imaged using 3D confocal microscopy (see Plant imaging section below). After 
segmentation, cells were quantified according to their individual identities and the in vivo 
proportions were compared to the proportions within the scRNA-seq dataset. Out of the total 
number of cells, we observed a 15% overrepresentation of the inner vascular cell types and a 
13% underrepresentation of more outer cell layers (Fig. S1D). This was expected, as we 
optimized the protocol to distinguish inner vascular cells from other cells. No other selective 
capturing was apparent. The effect of protoplasting on gene expression (50) was limited to 
maximum 8% of the top 100 DEGs and only observed in the most outer tissue types of the 
root (Fig. S1E) 
 
Data comparison 
Comparison of different available Arabidopsis root scRNA-seq datasets (12-15) was done, 















Denyer et al., 2019 (13) 10X v2 4.727 87.000 4.276 
Jean-Baptiste et al., 2019 (12) 10X 3.121 - 2.445 
Zhang et al., 2019 (14) 10X v2 7.695 39.667 1.875 
Ryu et al., 2019 (15) 10X v2 7.522 75.000 5.000 
This study 10X v2 5.145 208.937 6.781 
 
Pseudotime trajectory analysis 
Pseudotime trajectory analysis was performed with different methods compiled in the Dyno 
R package (version 0.1.1) (51). The optimal method for each cell identity was selected based 
on prior biological knowledge and the guidelines in the Dyno package. The consensus 
trajectory was fixed after iterative and reproducible inference calculation. The GNG 
algorithm was used to infer trajectories for the following cell identities: phloem (seed set at 
4), xylem (seed set at 2), cortex (seed set at 1), LRC + columella (seed set at 1), pericycle 
(seed set at 13); Slingshot was used for endodermis and cambium (52). 
For trajectory inference on the xylem subpopulations, cells were ordered along a bifurcating 
trajectory from xylem initials towards protoxylem and metaxylem (Fig. 3A). The 
identification and validation of the subpopulations and branching points is based on gene 
expression of known regulators of xylem development such as ACL5 and ATHB15 for early 
metaxylem (53, 54); TMO5 for early proto- and metaxylem (2); VND2 for intermediate 
xylem (55); VND7 and CESA4 for late protoxylem (55, 56) (Fig. S3A). Although our method 
depends on generating protoplasts and is not efficient at retrieving differentiating cells, we 
acquired many genes involved in secondary cell wall formation in the protoxylem sub-
cluster, but less so in the metaxylem sub-cluster. All newly generated reporter lines confirmed 
the predicted pseudotime and tissue specific expression patterns for the xylem trajectory (Fig. 
S3B).   
For the phloem cell lineage, the GNG trajectory algorithm ordered the cells across five 
cellular states of phloem development with more elaborate branching (Fig. S4A). Known 
reporter genes (including APL for non-procambium (57), JUL1 for procambium (58); the 
PEAR gene DOF5.6 for sieve elements (10) and SUC2 for companion cells (57)) confirmed 
predicted sub-cluster identities within the phloem developmental trajectories (Fig. S4A). Also 
for this more complex trajectory, all newly generated reporter lines confirmed the predicted 
spatiotemporal expression patterns (Fig. S4B).  
A similar analysis and validation was performed on the predicted developmental trajectories 
and sub-cluster identities for the procambium, pericycle, endodermis, cortex, epidermis, 
lateral root cap and columella clusters (Fig. S5-11) 
 
On-line tool for visualization of data 
To allow optimal accessibility of this scRNA-seq dataset by the scientific community, cell 
type specific expression patterns of individual genes, expression levels along developmental 
trajectories and bulk downloads can be accessed via a freely accessible on-line browser tool 
(http://bioit3.irc.ugent.be/plant-sc-atlas/), which includes a warning flag for protoplast-
induced genes. 
 
Cell ploidy predictions 
For predicting the ploidy of individual cells, we correlated the scRNA-seq dataset with a 
dataset of ploidy-specific gene expression levels in Arabidopsis root cortex tissue (21). The 





in (21)) were standardized in both datasets separately (zero mean, unit variance), and Pearson 
correlation coefficients (PCC) were calculated between the resulting marker gene expression 
profile in each cell and the marker gene expression profiles of 2C, 4C, 8C and 16C cells in 
the cortex dataset. The predicted ploidy level of a given cell was then taken to be the ploidy 
level for which the PCC between the cortex and cell data was maximal. 
 
Gene selection, cloning and plant transformation  
Genes from the top 20 differentially expressed genes per cell type were selected based on 
predicted unique expression after manual curation of the feature plots. Transcriptional 
reporter lines were obtained by amplifying the upstream region of the transcriptional start and 
cloning this into the pDONRP41R entry vector. The final expression clones were generated 
by cloning the promoter regions into the pBGWFS7 destination vector using Gateway 
cloning. Only lines with stable expression patterns in at least 10 independent transformants 
were kept, resulting in a set of 41 novel transcriptional reporter lines. pTMO5::TMO5:GR 
line was generated by first generating a LIC-compatible vector containing TMO5 promoter, 
after which TMO5:GR was amplified from pRPS5A::TMO5:GR template (1) and combined 
using LIC (59). pRPS5A::CKX3 line was generated by cloning the CDS into pPLV28 using 
LIC. pSHR::nYFP was generated by cloning the promoter fragment (60) together with nYFP 
into pH7m34GW destination vector using Gateway cloning. pSHR::TMO5:GR by combining 
SHR promoter fragment, TMO5 CDS and GR tag into pH7m34GW, using Gateway cloning. 
pWOL::XVE>>TMO5:YFP and pWOL::XVE>>LOG4:YFP were generated by subcloing the 
respective CDS with pDONRP4p1r-pWOL-XVE (60) and YFP into pH7m34GW using 
Gateway cloning. All constructs were verified by Sanger sequencing and were transformed 
into wild type using simplified floral dipping (61). All primer sequences used for cloning and 
sequencing can be found in Table S3. 
 
Plant imaging, image processing and data analysis 
Marker lines and different genotypes were either fixed with ClearSee, stained with Calcofluor 
White and mounted on sides with ClearSee solution (62) or directly mounted on slides 
containing 0.1 mg/ml propidium iodide (PI) for cell wall staining. Confocal microscopy on 
marker lines was performed on a Leica SP8X using a 40x lens (water corrected objective lens 
with NA 1.2). For 3-dimensional (3D) imaging and segmentation analysis, 6-das wild type 
roots were stained using the modified pseudo-Schiff-PI (mPS-PI) staining method (63). 3D 
segmentation of the primary root meristem was performed on 3D z-stacks using the 
MorphoGraphX software (64) and cell numbers per cell type were scored in two individual 
roots (averages used in plot). For root hair analysis, 10-day-old seedling roots were imaged 
on the plate with a Leica stereomicroscope at 32x magnification. Additionally, confocal 
imaging was applied to generate a 3D stack of a full one mm of mature primary root on a 
Leica SP8X using a 10x dry-lens on samples fixed with ClearSee and stained with Calcofluor 
White. This stack was generated by imaging in XZY-direction, taking 150 images at ~6.7 µm 
intervals. For a description of the phenotypic parameters that were measured, see Fig. S16 
and the materials and methods phenotyping section below. Calcofluor White, GFP, YFP, 
tdTomato and PI samples were imaged at an excitation of 405nm, 488nm, 514nm, 561nm and 
514nm respectively. Calcofluor White, GFP, YFP, tdTomato and PI were visualized at an 
emission of 425-475 nm, 500-535nm, 520-550nm, 580-630nm and 600-700nm respectively. 
GUS staining was performed as described previously (65). For esthetic reasons, some sets of 
images were globally adjusted in brightness and contrast, rotated, and displayed on a 
matching background. Plots were generated using R package “ggplot2” (66). In all boxplots, 
boxes represent the 1st and 3rd quartile and the center line represents the median. Data point-





axis. Statistical analyses were performed using either One-way-ANOVA or Chi-square tests 
and p-values below 0.001 were considered significant, unless otherwise stated. All figures 
were compiled using Adobe Illustrator. 
 
Phenotyping  
The approaches used for analysis of the range of phenotypic parameters described in Fig. S16 
are explained below in more detail. From scanned plates, total primary root lengths were 
measured using Fiji software. From stereomicroscope images, both the number of root hairs 
in 1 mm of root and the root hair lengths were measured in the maturation zone of the 
primary root using Fiji software. From 3D-confocal stacks, the number of cortex and number 
of epidermal cells (hair vs non-hair position) were counted in one representative cross-
section. Additionally, the total number of hairs and the number of cells in non-hair position 
that form root hairs were counted along the full stack. Similar imaging and phenotyping was 
performed on pCOBL9::GFP (hair marker) and pGL2::GFP (non-hair marker) lines. Here, the 
number of cells, ectopically expressing the marker, were counted along the entire stack. 
Meristem length was determined from longitudinal confocal sections of the primary root and 
measured as the distance from quiescent center to the first elongated cortical cell. Epidermal 
cell length was determined by measuring the length of ten trichoblast cells on a longitudinal 
confocal section from the same 1 mm region of the root where root hairs were counted. A 
summary of all phenotypic measurements related to cell numbers and root hairs, on 
respective genotypes and treatments is presented in Table S2. 
 
Relative expression analysis 
Total RNA was isolated using an RNeasy kit (QIAGEN). cDNA was synthesized using 1 µg 
of total RNA and a qScript cDNA SuperMix (QUANTABIO) and manufacturer’s 
instructions. Relative expression was measured in triplicate by Q-RT-PCR on a 
LightCycler480 II apparatus (Roche) with SYBR GREEN I Master kit (Roche) and 
manufacturer’s instructions. Data were analyzed using qBase+ software package 
(Biogazelle). Expression levels were normalized to those of EEF1a4 and UBC21. All primers 
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Fig. S1. Pipeline and quality control of the single cell dataset. A. Overview of the scRNA-seq pipeline, including metrics of the scRNA-seq 
experiment. B. UMAP projection of all recovered cells (gene count > 200) from the single cell RNAseq dataset. High quality cells with UMI 
count > 17,290 are indicated in red, the other cells in grey.  C. Color-coded UMAP and tSNE plot (before and after UMI filtering, respectively) 
depicting three replicate experiments, contributing to all clusters to assess for batch effects and reproducibility.  D. Comparison of the number of 
cells in each identity cluster with the actual number of cells quantified using 3D confocal microscopy and segmentation analysis. E. Contribution 
of genes induced by protoplasting to cell identity clusters. Bar chart showing the prevalence of genes induced by protoplasting (50) in different 






Fig. S2. Identification of tissue specific reporter genes. Dot-plot of identified tissue 
specific genes for each cell identity, containing known and uncharacterized genes. Size of the 
circles represents the percentage of cells with expression (pct.exp.), while the color indicates 







Fig. S3. Trajectory analysis and validation for the xylem cluster. A. Predicted 
developmental trajectory of xylem cluster cells starting from xylem initials (A, red) and 
branching into protoxylem (B, green and blue) and metaxylem (C, green) trajectories (left 
side). Validation of the predicted trajectory using known developmental regulators for the 
xylem, including the heatmap and feature plots (right side). B. Experimental validation of 
xylem trajectory including the heatmaps, feature plots and reporter line expression patterns of 











Fig. S4. Trajectory analysis and validation for the phloem cluster. A. Predicted 
developmental trajectory of phloem cluster cells starting from phloem initials (A, red) first 
branching off into phloem procambium (PC) (E, blue) and next branching into sieve elements 
(SE) (D, green) and companion cells (CC) (C, pink) trajectories (left side). Validation of the 
predicted trajectory using known developmental regulators for the phloem, including 
heatmaps and feature plots (right). B. Experimental validation of phloem trajectory including 
the heatmaps, feature plots and reporter line expression patterns of predicted phloem 







Fig. S5. Trajectory analysis and validation for the procambium cluster. A. Predicted 
developmental trajectory of the procambium cluster cells putatively going from the initials to 
the more differentiated cells (left side). Validation of the predicted trajectory using the 
limited known developmental regulators for the procambium, including the heatmap and 
feature plots (right). B. Experimental validation of procambium trajectory including heatmap, 








Fig. S6. Trajectory analysis and validation for the pericycle cluster. A. Predicted 
developmental trajectory of the pericycle cluster cells going from the initials to the more 
differentiated cells. Note the bifurcation into two distinct trajectories (left side). Validation of 
the predicted trajectory using known developmental regulators for the pericycle, including 
heatmaps and feature plots (right). B. Experimental validation of pericycle trajectory 
including the heatmaps, feature plots and reporter line expression patterns of predicted 











Fig. S7. Trajectory analysis and validation for the endodermis cluster. A. Predicted 
developmental trajectory of the endodermis cluster cells going from the initials to the more 
differentiated cells (left side). Validation of the predicted trajectory using known 
developmental regulators for the endodermis, including the heatmap and feature plots (right). 
B. Experimental validation of endodermis trajectory including the heatmaps, feature plots and 
reporter line expression patterns of predicted endodermis (specific) expressed genes. **: this 
gene is expressed in both endodermis and cortex and is used as validation for both trajectories 







Fig. S8. Trajectory analysis and validation for the cortex cluster. A. Predicted 
developmental trajectory of the cortex cluster cells going from the initials to the more 
differentiated cells (left side). Validation of the predicted trajectory using known 
developmental regulators for the cortex, including the heatmap and feature plots (right). B. 
Experimental validation of cortex trajectory including the heatmaps, feature plots and 
reporter line expression patterns of predicted cortex (specific) expressed genes. **: this gene 
is expressed in both endodermis and cortex and is used as validation for both trajectories (see 







Fig. S9. Trajectory analysis and validation for the epidermis cluster. A. Predicted 
developmental trajectory of the epidermis cluster cells going from the initials to the more 
differentiated cells. Note the bifurcation into two distinct trajectories (left side). Validation of 
the predicted trajectory using known developmental regulators for the epidermis, including 
the heatmap and feature plots (right). B. Experimental validation of epidermis trajectory 
including the heatmaps, feature plots and reporter line expression patterns of predicted 
epidermis expressed genes. **: these genes are expressed in both epidermis and lateral root 











Fig. S10. Trajectory analysis and validation for the lateral root cap (LRC) cluster. A. 
Predicted developmental trajectory of the LRC cluster cells going from the initials to the 
more differentiated cells (left side). Validation of the predicted trajectory using known 
developmental regulators for the LRC, including the heatmap and feature plots (right). B. 
Experimental validation of LRC trajectory including the heatmaps, feature plots and reporter 
line expression patterns of predicted LRC (specific) expressed genes. **: these genes are 
expressed in both lateral root cap and epidermis and are used as validation for both 











Fig. S11. Trajectory analysis and validation for the columella cluster. A. Predicted 
developmental trajectory of the columella cluster cells going from the initials to the more 
differentiated cells. Validation of the predicted trajectory using known developmental 
regulators for the columella, including the heatmap and feature plots (right). B. Experimental 
validation of columella trajectory including the heatmaps, feature plots and reporter line 








Fig. S12. Validation for the quiescent center (QC) cluster. Validation of the predicted QC 







Fig. S13. Tissue specific expression of TMO5/LHW targets. Dot-plot of the tissue specific 
expression of the 273 putative TMO5/LHW target genes illustrating the large number of 
trichoblast expressed genes. Size of the circles represents the percentage of cells with 
expression (pct.exp.), while the color indicates the scaled average expression level of this 








Fig. S14. A-C. Relative expression analyses using Q-RT-PCR. A. Validation of trichoblast-
expressed dGR target genes (left) and A-type ARRs (right) after dexamethasone activation of 
dGR for indicated time. B. Phosphate response genes are similarly upregulated in wild type 
and tmo5 tmo5l1 in low phosphate conditions. C. dGR target gene responses to low-
phosphate in wild type and tmo5 tmo5l1 double mutant backgrounds. Bars and numbers 
represent mean relative expression and standard error is indicated over three replicates. ns: 
not significant, *: p<0.05, **: p<0.01, ***:p<0.001, as determined by one-way ANOVA with 
post-hoc Tukey HSD testing. D-F. Root hair length (D), meristem length (E) and root length 
(F) quantifications of indicated genotypes and conditions. Lower case letters on top of 
boxplots indicate significantly different groups as determined by one-way ANOVA with 
post-hoc Tukey HSD testing (p<0.001); the number of individuals is shown at the bottom of 






Fig. S15. Root hair phenotype of dGR is specific for TMO5 and LHW. Exploration of 
overexpression of several bHLH transcription factors revealed no great increase in root hairs, 






Fig. S16. Overview of the detailed phenotyping procedure. Examples and schematic overview of root hair related phenotyping and 







Fig. S17. A-B. Expression pattern of pSHR::nYFP (A) and pWOL::erGFP (B), showing 
restricted expression to the vascular domain. C. Epidermal cell length, meristem length and 
root length quantifications of indicated genotypes and conditions. Lower case letters on top 
of boxplots indicate significantly different groups as determined by one-way ANOVA with 
post-hoc Tukey HSD testing (p<0.001); the number of individuals is shown at the bottom of 










Fig. S18. A. Relative gene expression analysis using Q-RT-PCR, showing induced 
expression of three TMO5/LHW target genes after exogenous treatment with 10µM BAP for 
indicated times. Bars and numbers represent mean relative expression and standard error is 
indicated over six replicates in two experiments. ns: not significant, *: p<0.05, ***:p<0.001, 
as determined by one-way ANOVA with post-hoc Tukey HSD testing. B-C. Epidermal cell 
length, meristem length and root length quantifications of indicated genotypes and 
conditions. Lower case letters on top of boxplots indicate significantly different groups as 
determined by one-way ANOVA with post-hoc Tukey HSD testing (p<0.001); the number of 
individuals is shown at the bottom of the plot and biological repeats are indicated using 







Fig. S19. A. Phenotype and quantification of root hair density and root hair length in ein2 and 
ein3 eil1 mutants grown on low phosphate and exogenous cytokinin treatment. B. Relative 
expression of three ethylene-response genes after induction of dGR as determined by Q-RT-
PCR. Bars represent mean relative expression and standard error is indicated over three 
replicates. ns: not significant, **: p<0.01, ***:p<0.001, as determined by one-way ANOVA 







Fig. S20. Categorized phenotypic analysis of log1234578 heptuple mutant and log1234578 
heptuple rescued by TMO5 driven LOG4 (top). Table indicates adjusted p-values of the 
indicated comparisons as determined by Chi-square test. Phenotype and quantification of root 
hair density of log1234578 heptuple rescued by TMO5 driven LOG4. Lower case letters on 
top of the boxplots indicate significantly different groups as determined by one-way ANOVA 







Fig. S21. Phenotype and quantification of the number of cortex cells of roots of wild type, 
tmo5, and tmo5 tmo5l1 grown on high and low phosphate conditions for indicated number of 
days. Lower case letters on top of the bars indicate significantly different groups as 






Fig. S22. Cytokinin increased root hair density is absent in cpc try mutants. Phenotype 
and quantification of wild type (Ws ecotype) or cpc try seedlings showing either hairs, no 
hairs or a wild type-like cytokinin response when grown under mock (dmso) or BAP (0.1 µM 
BAP in dmso) supplemented media (top) and a loss of pGL2::GUS absent cell files (root hair 
files) in the mutant and cytokinin treated wild type (bottom). Table indicates adjusted p-









Fig. S23. Effect of solvent on root hair density and root hair length in wild type. Root 
hair density and epidermal cell length quantifications of wild type plants under the indicated 
conditions showing the dmso solvent has no effect on root hair density, but obscures the root 
hair length effect of low phosphate conditions. Lower case letters on top of boxplots indicate 
significantly different groups as determined by one-way ANOVA with post-hoc Tukey HSD 
testing (p<0.001); the number of individuals is shown at the bottom of the plot and biological 






Table S1. (separate file) 
Top differential expressed genes (DEG) for each cluster (cell type) individually versus the 
rest of the cells.  
 
Table S2. (separate file) 
Summary of phenotyping and measurements. For each background and condition, all 
measured parameters are shown with number of biological repeats, total number of 
individuals, mean value and standard error. See Fig. S16 and materials and methods section 
for a more detailed description on the acquisition on these parameters. 
Table S3. 
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CTTTGGTTTAGGTTCGTGATAGTGC CGAAGAGTTGTAATGGCGGATTAAG  
SPX1 Q-RT-
PCR 
GTGTGTTTTCATTGCCGCCT GGCTTCTTGCTCCAACAATGG 
IPS1 Q-RT-
PCR 
CCTTTGGCAAGCTTCGGTTC GGAGTGGGTACAACCCAAACA 
 
 
